Retroviral genomes consist of two unspliced RNAs linked noncovalently in a dimer. Although these two RNAs are generally identical, two different RNAs can be copackaged when virions are produced by coinfected cells. It has been assumed, but not tested, that copackaging results from random RNA associations in the cytoplasm to yield encapsidated RNA homodimers and heterodimers in Hardy-Weinberg proportions. Here, virion RNA homo-and heterodimerization were examined for Moloney murine leukemia virus (MLV) using nondenaturing Northern blotting and a novel RNA dimer capture assay. The results demonstrated that coexpressed MLV RNAs preferentially self-associated, even when RNAs were identical in known packaging and dimerization sequences or when they differed overall by less than 0.1%. In contrast, HIV-1 RNAs formed homoand heterodimers in random proportions. We speculate that these species-specific differences in RNA dimer partner selection may at least partially explain the higher frequency of genetic recombination observed for human immunodeficiency virus type 1 than for MLV.
As retroviruses such as Moloney murine leukemia virus (MLV) and human immunodeficiency virus type 1 (HIV-1) bud from infected cells, they coencapsidate two copies of viral genomic RNA. These RNAs are unspliced host RNA polymerase II transcripts of integrated proviruses, and they are identical in primary sequence to the mRNAs that encode the major viral structural proteins and enzymes. How or whether this single molecular species of unspliced viral RNA is partitioned into the RNAs that will be packaged as genomes and those destined to serve as mRNAs is an area of active investigation (6) .
Although HIV-1, MLV, and other retroviruses share the requirement for active nuclear export of unspliced RNAs for genome encapsidation, the mechanisms and host machinery that they employ differ. For example, nuclear export of unspliced HIV-1 RNA is dependent on the interaction of the viral Rev protein with a specific HIV-1 RNA structure as well as the human nuclear export factor CRM1 (27, 51, 53) . Once in the cytoplasm, HIV-1 unspliced RNAs appear to reside in a single genetic pool from which both mRNAs and genomes can be recruited (7, 12) . The host factors that participate in unspliced RNA export for gammaretroviruses such as MLV are unknown. However, observations from infected cells treated with the general transcription inhibitor actinomycin D suggest that MLV genomes and gag-pol mRNAs exist in two functionally distinct pools that have different half-lives and do not equilibrate (12, 24, 25, 31) . Thus, gammaretroviruses may use two different nuclear export strategies to traffic the single species of unspliced RNA that is required for their replication.
Unlike other viruses, retroviruses possess two complete genomes per virion. One postulated advantage of copackaging two RNAs is in providing a source of recombinational repair for damaged genomes (9) . During viral DNA synthesis, reverse transcriptase (RT) can switch from one copackaged RNA to the other, thereby generating a recombinant provirus that is a chimera of both parental RNA genomes. Crossovers between two identical RNA genomes are not detectable by examining product DNAs; thus, recombination is often monitored experimentally by studying the reverse transcription products of virions harvested from cells coexpressing two genetically distinct RNAs (19) . The RNA dimers within such virions are presumed to consist of a heterogeneous population and, thus, recombination frequencies calculated using these approaches have generally involved dividing the number of detectable proviral recombinants by the proportion of virions predicted to contain RNA heterodimers. Because copackaging of RNA from coinfected producer cells is assumed to be random, the frequency of heterozygous virions has been modeled by the Hardy-Weinberg equation (A 2 ϩ 2AB ϩ B 2 ϭ 1), where A is the fraction of RNA A in total virion RNA, B is the fraction of type B RNA, and 2AB is the proportion of RNA heterodimers (19, 39) .
In such single-replication-cycle recombination experiments, genetic markers cosegregate about 10-fold more frequently for HIV-1 than for gammaretroviruses like MLV, suggesting that marker reassortment is more frequent for HIV than MLV (3, 21, 35, 45, 48) . Although it was initially suggested that this might reflect differences between HIV and MLV RTs (21) , subsequent work determined that template switching occurs at similar frequencies for HIV and MLV when assayed using donor and acceptor sequences that coreside on single RNAs (35) . These latter findings seem consistent with the alternate possibility that MLV may preferentially copackage two identical RNAs (9, 18, 32) , while HIV may be more likely to copackage two different RNAs (45) .
Here, we tested the hypothesis that MLV and HIV-1 differ in randomness of encapsidated RNA dimerization. Using nondenaturing gel electrophoresis as well as a novel RNA capture assay, we examined the extent of MLV RNA homo-and heterodimerization in virions harvested from cells coexpressing two different packagable RNAs. We show that the majority of MLV genomic RNAs had apparently self-associated, resulting in a virus population containing less than half of the RNA heterodimers predicted from random dimerization. In contrast, RNA capture assay results showed that HIV-1 RNAs associated randomly.
MATERIALS AND METHODS
Plasmids. The MLV helper function plasmid was pMLV ⌿ Ϫ , which encodes all MLV proteins but contains a packaging sequence deletion between MLV nucleotides (nt) 215 and 368 (41) . pMLV is the infectious MLV proviral clone also known as pNCA (10) . pM⌿ Puro is an MLV-based vector containing a puromycin resistance gene driven by a simian virus 40 (SV40) early promoter (23) . pMLV-syn is derived from an infectious proviral plasmid that encodes an RNA identical to that transcribed from pMLV. Using mutagenic primers and overlap extension PCR, seven synonymous substitutions, indicated by the designation "syn," were introduced into pol (5Ј-CAAGCCCCACATACAGA-3Ј changed to 5Ј-AAAACCGCATATTCAAC-3Ј; nucleotide substitutions are in bold type), such that RNA transcribed from this vector could not anneal efficiently to the biotinylated oligonucleotide used in RNA capture assays. pMLV-GPP, previously called pGPP because it encodes MLV gag pol and puromycin resistance (47) , is a replication-defective MLV vector in which env has been replaced by an SV40 promoter-driven puromycin resistance gene.
HIV experiments used the helper function plasmid pCMV⌬R8.2 (33) , which encodes all HIV-1 proteins except envelope. Previously called pHIV LacPuro (2), pH⌿ LacPuro is an HIV-1-based retroviral vector containing all required cis-acting HIV-1 sequences as well as a cytomegalovirus (CMV) promoter-driven lacZ followed by an SV40 promoter-driven puromycin resistance gene. pH⌿ Puro is a derivative of pH⌿ LacPuro in which the region between SnaBI and EcoRI has been replaced with a 1,086-bp MscI (in gag)-Mfe I (in pol) fragment from MLV, thereby removing the CMV promoter and all but 56 bp of lacZ. The incorporated MLV fragment included sequences complementary to the biotinylated oligonucleotide used in RNA capture assays.
RNA capture assay riboprobes were templated by three pBluescript II SK(ϩ) (Stratagene)-derived plasmids. pD 1040-2 contained a 330-bp MscI-BsrBI fragment from MLV gag (47) . pJF 813-1 contained a 309-bp MLV pol PCR fragment, and pJF 954-7 contained a 321-bp PCR product templated by pH⌿ Puro that included part of the inserted MLV pol sequences.
Virus production and harvest. For virion production, 80% confluent ET cells (a 293T derivative that constitutively expresses ecotropic envelope [41] ) or ⌽NXE cells (a 293T-derived MLV-based packaging cell line [40] ) were transiently cotransfected with HIV-1 or MLV helper and/or vector plasmids as described below. Note that in order to achieve the ratios of encapsidated H⌿ Puro to H⌿ LacPuro RNAs for the HIV-1 RNA capture experiment, it was necessary to transfect plasmids at a 1:30 molar ratio. Transfections were performed in 6-cm dishes either by calcium phosphate precipitation (5) or with Fugene 6 (Roche) using a total of 10 or 4 g of plasmid DNA, respectively. Culture medium was replaced 24 h posttransfection, and a total of 12 ml of virus-containing medium per 6-cm dish was harvested and pooled by collection at 36, 48, and 60 h posttransfection. Residual cells were removed by filtration, and virus-containing medium was stored at Ϫ70°C prior to use.
To generate virus produced from integrated proviruses, cells that coexpressed MLV-GPP and MLV-syn RNAs were generated two separate times as follows. ET cells were transiently transfected with either pMLV-syn or pMLV-GPP by calcium phosphate precipitation, and MLV-syn and MLV-GPP virion-containing media were harvested separately. Approximately 50% confluent NIH 3T3 cells were transduced with MLV-GPP by first incubating virus-containing medium with cells for 2 h in the presence of 0.8 g of Polybrene (hexadimethrine bromide; Sigma)/ml and then, beginning 48 h postinfection, selecting in medium containing 6 g of puromycin/ml. Pooled puromycin-resistant cells were infected with the replication-competent MLV-syn virion-containing medium. After spread of the MLV-syn virus had been confirmed by increased RT activity, cells were passaged several times and virions were harvested from the medium of coinfected cell pools.
All 293T-derived cell lines were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Gemini). NIH 3T3 cells chronically infected with MLV and the MLV-GPP/MLV-syn-coexpressing cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% calf serum (Gibco).
Isolation of dimeric viral RNA. Native Northern blotting. The protocol for native Northern blotting was adapted from that of Khandjian and Meric (22) . Viral RNA was separated on a 0.7% agarose gel in 1ϫ Tris-borate-EDTA at 70 V for 4.5 h, denatured in situ by incubating the gel in 300 ml of a 10% formaldehyde solution at 65°C for 30 min, partially hydrolyzed, subsequently neutralized by soaking in 1 liter of 0.05 M NaOH-1.5 M NaCl for 30 min and 1 liter 0.5 M Tris-Cl (pH 7.4)-1.5 M NaCl for 20 min, respectively, and then passively transferred to a nylon membrane (Hybond N; Amersham Pharmacia Biotech) for 16 h in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). RNA was cross-linked to the membrane (Stratalinker; Stratagene), and the membrane was prehybridized at 42°C for 5 h in 5ϫ SSC-5ϫ Denhardt's solution-50% formamide-1% SDS-100 g of denatured salmon sperm DNA/ml before addition of denatured DNA probe. Probes were prepared by random-prime labeling of PCR products containing puroR or MLV env sequences by using a RediPrime II kit (Amersham Pharmacia) and [␣-
32 P]TTP (Perkin-Elmer). Membranes were hybridized at 42°C for 18 h and washed twice each with 2ϫ SSC-0.1% SDS and 0.5ϫ SSC-0.1% SDS for 10 min at 37°C before exposure to film. For subsequent probings, the nylon membrane was stripped by incubation at 80°C in 0.1% SDS and then prehybridized and probed as described above.
RNA capture assay. Viral RNA purified from 4 ml of transfected cell medium as described above was combined with 200 pmol of a 3Ј-biotinylated anti-MLV pol oligonucleotide (5Ј-CTCTGTATGTGGGGCTTG-3Ј). Note that the same biotinylated oligonucleotide was used in all capture assays in this study because one of each pair of coexpressed RNAs was engineered to contain sequences complementary to this oligonucleotide. This RNA plus oligonucleotide sample was incubated in 100 l of 2ϫ SSC at 42°C for 15 min and then cooled to 25°C over 30 min. Cooled oligonucleotide-bound RNA was immediately added to streptavidin-coated beads (Promega; prewashed with 0.5ϫ SSC three times and suspended in 100 l of 0.5ϫ SSC) and gently mixed for 10 min at room temperature. Beads were captured using a magnetic stand, and the supernatant that was removed to a new tube was designated the flowthrough sample. Beads were then washed four times with 0.5ϫ SSC to remove residual unbound RNA. The supernatant from the final wash was retained for analysis (final wash). After the final wash, beads were resuspended in 100 l of RNase-free water and incubated at 90°C for 5 min to elute the RNA from the bound oligonucleotide. This first elution was pooled with a second 150-l elution to yield the elution samples analyzed by RNase protection assay. A separate aliquot of viral RNA from 1.5 ml of cell medium from the same transfection was diluted to a final volume of 30 l in RNase-free water to serve as the input sample. All samples-input, flowthrough, final wash, and elution-were ethanol precipitated with 15 g of carrier tRNA and resuspended with a molar excess of the appropriate riboprobe for analysis by RNase protection assay.
To generate riboprobes (i) for MLV/M⌿ Puro, pD 1040-2 was linearized with EcoRI and transcribed using T3 RNA polymerase (Promega). This created a 400-nt runoff transcript which protected 330 nt of MLV RNA and 289 nt of M⌿ Puro RNA. (ii) For MLV/MLV-syn, pJF 813-1 was linearized with XbaI and transcribed using T7 RNA polymerase (Promega), generating a 357-nt runoff transcript that protected 309 nt of MLV RNA and 265 nt of MLV-syn RNA. (iii) For H⌿ Puro/H⌿ LacPuro, pJF 954-7 was linearized with EcoRI and transcribed using T7 RNA polymerase (Promega). A 377-nt runoff transcript was produced that protected 321 nt of H⌿ Puro RNA and 270 nt of H⌿ LacPuro RNA. All riboprobes were radiolabeled by including [␣-
32 P]CTP (Perkin-Elmer) in the reaction mixture and were resuspended in hybridization buffer [80% formamide-40 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (pH 6.4)-400 mM NaCl-1 mM EDTA].
For RNase protection assays, samples were incubated in probe-containing hybridization buffer, digested with RNases A and T 1 , and separated on 5% acrylamide-8 M urea gels by standard techniques (5) . Dried gels were exposed to film or phosphorimager screens (Molecular Dynamics) for quantitative analysis using ImageQuant software. To deduce molar ratios, phosphorimager values were normalized for the number of radiolabeled C residues in each protected fragment.
(i) RNA capture assay data analysis. Elution ratios measured by phosphorimager analysis of RNase protection assays were compared to the ratios predicted for random RNA dimerization as follows. First, the proportion of each coexpressed RNA (A and B) in the virus population was determined from normalized phosphorimager values of the input lane (for example, A ϭ 0.1 and B ϭ 0.9). To deduce the distribution of RNA homo-and heterodimers predicted for random RNA dimerization, these values were used in the Hardy-Weinberg equation (A 2 ϩ 2AB ϩ B 2 ϭ 1, where A 2 and B 2 represent the percentage of each homodimer and 2AB denotes the heterodimer population). For this hypothetical sample calculation, AA homodimers made up 1% (0. 1 2 ) of the viral population, BB homodimers made up 81% (0.9
2 ), and AB heterodimers represented the remaining 18% of the population. Assuming there were 100 RNA dimers in the population (made up of 20 RNA A molecules and 180 RNA B molecules) and that only RNA A bound the biotinylated oligonucleotide, there would be 1 AA homodimer and 18 AB heterodimers retained by the beads and 81 BB homodimers in the flowthrough sample. Thus, if dimerization followed HardyWeinberg equilibrium, the ratio of RNA A to RNA B predicted to be in the elution would be 20:18 ([2 ϫ 1 ϩ 18]:18), or 1.1:1. In the experiments below, the calculated expected elution ratios were compared to actual elution ratios measured by phosphorimager to determine the extent of RNA heterodimerization.
(ii) Calculating differences between expected and observed MLV RNA heterodimerization. If experimentally measured elution ratios differed from the expected value, indicating that the virion RNA homo-and heterodimer frequencies had diverged from Hardy-Weinberg equilibrium, then the extent of heterodimerization was determined as follows, using values from the hypothetical example above. First, because RNA A was the oligonucleotide-bound RNA, all 20 RNA A molecules would be retained on the beads and be present in the elution. RNA B, on the other hand, was retained on the beads via its association with RNA A, and its presence in the elution represented the heterodimer population. With a hypothetical elution ratio measured by phosphorimager to be 2.5:1, there would be only 8 RNA Bs (20/2.5) in the elution and, therefore, only 8 heterodimers in the population: 44% of the number (18 heterodimers) predicted above for random dimerization.
RESULTS
Visualizing RNA dimers separated on nondenaturing gels. Length differences in 3Ј-truncated in vitro-transcribed retroviral RNAs have previously been used to differentiate homo-and heterodimers on nondenaturing gels, with RNA heterodimers displaying mobilities intermediate to those of long and short homodimers (26, 36, 42) . Here, in the initial experiments to examine RNA dimerization, two different-length MLV ⌿ ϩ packagable RNAs were coexpressed in virion producer cells, purified from viral particles, and examined using nondenaturing Northern blotting. A large size difference between coexpressed RNA species (8.3 versus 2.7 kb) was selected with the intention of facilitating RNA heterodimer detection based on mobility differences from either homodimer on native agarose gels. One coexpressed RNA was the native 8.3-kb Moloney MLV genome (Fig. 1A) , while the second, significantly shorter RNA was M⌿ Puro (Fig. 1A) . The 5Ј 1 kb of wild-type MLV sequences shared by these RNAs included all sequences known to be required for RNA packaging and initiation of dimerization (1, 4, 36, 43) .
To generate virions containing either one or both of the ⌿ ϩ RNAs, 293T-derived packaging cells were transiently transfected with infectious pMLV alone, pM⌿ Puro, or an equimolar ratio of pMLV and pM⌿ Puro. We have previously determined that under the transfection conditions used here, more than 20 plasmids are coexpressed by each transfected 293T cell (47) . RNA from virions produced by these transfected cells was purified under conditions that maintained dimer linkages, separated on 0.7% native agarose gels, and transferred to nylon membranes. Radiolabeled DNA probes that detected the puromycin resistance gene or MLV envelope sequences were used sequentially to probe a single membrane, and exposures of each probing were examined separately or overlaid to form a merged image (Fig. 1B) . Mobility standards indicating the migration of monomeric MLV and M⌿ Puro RNAs (Fig. 1B , lanes 1 and 5, respectively) were generated from RNA aliquots denatured at 65°C. Because cells were cotransfected with equimolar amounts of pMLV and pM⌿ Puro, random dimerization, as modeled by the Hardy-Weinberg equation, predicted roughly 25% of each RNA homodimer and 50% of the heterodimer in virions from vector-cotransfected cells. RNase on September 7, 2017 by guest http://jvi.asm.org/ protection assays were used to quantify the ratio of coexpressed RNAs in virions, which was 1.2:1 for this experiment and would be predicted to yield 49.6% RNA heterodimers. As seen in the panels probed for either puroR or envelope sequences alone, homodimers of short and long vector RNAs were visualized in the single vector expression lanes (Fig. 1B, (Fig. 1B, lane 3 in all three panels) . Some upward smearing was visible among cotransfection products visualized with the puroR probe alone (Fig. 1B, lane 3, top  panel) , possibly reflecting the presence of some heterodimer product with a mobility similar to that of the long vector homodimer. However, the radioactive signal of this shifted product was significantly lower than that in the shorter RNA homodimer product. These results suggest that MLV RNA homodimers predominated in virions produced by transfected cells coexpressing two different-length ⌿ ϩ RNAs. RNA capture assays to assess associations in MLV RNA dimers. Intact retroviral RNAs are notoriously difficult to isolate (9) . Native agarose gel electrophoresis of these lengthy and fragile RNAs yields diffuse bands that do not allow ready quantification. An additional limitation of the gel-based assays used above is that two different-length RNAs must be used to detect heterodimerization. Thus, to establish a more quantitative and experimentally tractable way of examining dimerization and to allow study of dimerization properties of samelength RNAs, a novel RNA capture assay was developed ( Fig.  2A) .
For these experiments, a 3Ј-biotinylated oligonucleotide (anti-MLV pol) complementary to a segment of the MLV RT coding sequence was annealed to a population of viral RNAs under reaction conditions determined to maintain dimer linkages. The same biotinylated oligonucleotide was used in all of the RNA capture assays described in this study, and vectors were designed to ensure that the oligonucleotide annealed to sequences present on only one of two coexpressed RNAs (for example, RNA A but not RNA B [ Fig. 2A]) . After annealing the oligonucleotide to virion RNAs, the mixture was incubated with streptavidin-coated magnetic beads, allowing oligonucleotide-bound RNAs, including both AA homodimers and AB heterodimers, to bind. The streptavidin beads were then washed four times to remove unbound RNAs. RNAs retained on the beads were subsequently eluted with a low-salt, hightemperature incubation that caused the biotinylated oligonucleotide to dissociate from the bound RNA. Controls were performed to determine that viral RNA remained dimeric under the conditions of all the processing steps, except elution (Fig. 2B) .
To monitor RNA retention on the beads, the ratio of the coexpressed RNAs in the input sample, the flowthrough material, the final wash, and the elution step were quantified by RNase protection assay. The input was an aliquot of virion RNA that was not incubated with biotinylated oligonucleotide. The flowthrough consisted of the RNAs from the annealed mixture that were not captured by the streptavidin-coated beads, and the elution was comprised of those RNAs that were retained by the beads. The final wash served as a control to Genetically distinct RNA molecules are represented as A (thick line) and B (thin line). RNA dimers were annealed to a biotinylated oligonucleotide before incubation on streptavidin-coated beads. Captured RNA was eluted, and RNA samples were subjected to analysis by RNase protection assay. (B) RNA dimers remained intact through steps of the RNA capture assay. Viral RNA was isolated from the medium of NIH 3T3 cells chronically infected with MLV, annealed to the anti-MLV pol oligonucleotide (lanes 3 to 5) or the biotinylated anti-MLV pol oligonucleotide (lane 6), carried through the RNA capture assay to the indicated step, and separated on 0.7% native agarose. RNA was transferred to a nylon membrane and probed for MLV env sequences. To indicate migration of MLV RNA monomers and dimers, respectively, viral RNA was partially denatured by incubation at 65°C for 10 min (lane 1) or left on ice to retain dimer linkages (lane 2). Note that RNA was present in the elution only when the biotinylated version of the anti-MLV pol oligonucleotide was used (compare lanes 5 and 6). RNase protection assay data were quantified by phosphorimager, and the proportion of each RNA in the input sample was used to calculate the percentage of heterodimers expected from random dimerization. This percentage was then used to determine the expected ratio of eluted RNAs if dimerization were random (see Materials and Methods). The expected ratio was compared to the experimentally determined elution ratio for each experiment. The difference between predicted and observed ratios was taken as an indication of the randomness of RNA dimerization. The farther the measured elution ratio was from that predicted, the less random (more biased) the dimerization between coexpressed RNAs.
Initial RNA capture assays tested dimerization between infectious MLV and M⌿ Puro RNAs, the two MLV RNAs whose dimerization was examined on nondenaturing gels above. To allow greater sensitivity for heterodimers, a molar excess of pM⌿ Puro was cotransfected with pMLV. Under these conditions, where the less-abundant RNA was the one bound by oligonucleotide, random dimerization modeled by the Hardy-Weinberg equation predicts that almost every MLV RNA would be dimerized to a M⌿ Puro RNA. Therefore, the elution ratio for the two RNAs would be nearly 1:1. RNase protection controls were performed to demonstrate that the ratio of intracellular packagable RNAs was nearly the same as the RNAs' ratio in virions (within a factor of 1.1-fold [data not shown]).
A representative RNase protection assay is illustrated in Fig.  3 . For the experiment shown in this figure, the measured RNA input ratio was 1:3.6 (MLV to M⌿ Puro). Lanes 1 to 4 and lanes 5 to 8 present control RNA capture assay results analyzing viral RNAs produced by packaging cells transfected with infectious pMLV or pM⌿ Puro alone, respectively. M⌿ Puro RNA, which could not anneal to the biotinylated oligonucleotide and bind the streptavidin beads, was present exclusively in the flowthrough and absent from the final elution (lanes 5 to 8). In contrast, much of the MLV RNA was retained on the beads, although a significant amount of MLV RNA was consistently present in the flowthrough (lanes 1 to 4) . This unintended flowthrough by some of the MLV RNA may have been due to inefficient annealing of the oligonucleotide to virion RNA at the relatively low (42°C) annealing temperature used to ensure that dimer linkage structures were retained, or inaccessibility of some biotin moieties when oligonucleotides were bound to RNAs. Control experiments in which a vast excess of radiolabeled biotinylated oligonucleotide was incubated alone with streptavidin beads demonstrated that Ͼ99% of the oligonucleotide was bound and, thus, the binding capacity of the beads was not exceeded in any experiments performed here (data not shown).
In Fig. 3 , lanes 9 to 12, coexpressed MLV and M⌿ Puro RNAs were examined. The observed elution ratio of MLV to M⌿ Puro was not roughly 1.3:1, as would be predicted if virion RNAs with the determined 1:3.6 input ratio were present in random dimer proportions (lane 12), but was instead 5.3:1 (MLV to M⌿Puro). Similar extents of biased homodimerization were observed in each of four independent repetitions of this experiment, as summarized by the first three bars (labeled MLV/M⌿ Puro) in Fig. 4 . Shown in this figure are the elution ratio of coexpressed RNAs predicted from random dimerization, normalized to 1, and the experimentally determined excess of oligonucleotide-bound RNA, calculated as described in Materials and Methods. Because all RNAs complementary to the oligonucleotide were not retained on the streptavidin beads, the same data sets were reevaluated based on calculations that assumed MLV homodimers, which have two oligocomplementary sites, were retained on beads twice as well as MLV/M⌿ Puro heterodimers, which have only one. Regardless of whether it was assumed that all oligonucleotide-bound dimers were retained equally well or that oligo-bound homodimers bound streptavidin twice as well as heterodimers, the findings suggested a marked excess of RNA homodimers. Similar biases for homodimerization were observed when the Testing whether or not sequence homology outside known packaging and dimerization regions affected RNA associations. Although MLV and M⌿ Puro RNAs share all sequences believed to be critical for dimerization, it remained possible that sequence homology outside of canonical dimerization regions might affect virion RNA dimer partner selection during viral replication. It has been suggested that viral RNA dimers make several stabilizing contacts outside of the dimer linkage region (28, 37) , and the higher-order structures of full-length viral RNAs may differ from those of the shorter transcripts that have been used to study dimerization in vitro (11, (14) (15) (16) 29) . Additionally, all sequences involved in dimerization during virus replication may not yet have been elucidated. Thus, to address whether or not differences between MLV and M⌿ Puro RNAs contributed to the preferential self-association observed, the RNA capture assay was next used to study dimerization of nearly identical full-length MLV RNAs.
First, seven silent point mutations were introduced far from known dimerization sequences over a span of 17 nt within the RT coding sequences of an infectious MLV proviral plasmid. These synonymous substitutions, indicated by the designation syn in Fig. 5A , were the only differences between the RNA expressed by this new vector plasmid, pMLV-syn, and pMLV. The seven changes did not alter the protein coding sequence but were intended to prevent the biotinylated oligonucleotide from annealing to MLV-syn RNA.
For these experiments, a molar excess of pMLV-syn was transiently cotransfected with pMLV into 293T-derived cells (Fig. 5A) . Virion RNAs were harvested and analyzed using the RNA dimer capture assay. Again, the measured elution ratios for coexpressed RNAs diverged from the elution ratios predicted if dimerization were random (Fig. 5B, lane 12) . In four repetitions of this experiment, measured elution ratios were, on average, 2.6-fold higher than the expected ratios (Fig. 4) , demonstrating that MLV RNA self-association was observed even for two coexpressed full-length RNAs that differed by less than 0.1% overall. Note that when expressed alone, a small but quantifiable amount of MLV-syn RNA (in different experimental repetitions, from 0.1 to 1% of the total) was detectably retained on the biotinylated beads (Fig. 5B, lane 8) . This unintended retention of small amounts of MLV-syn RNA suggest that calculations based on wild type plus MLV-syn coexpression may slightly underestimate biases toward MLV RNA homodimerization.
Dimerization of MLV RNAs produced by integrated proviruses in coinfected murine cells. The contexts and amounts of viral RNA expression in transiently transfected cells and in naturally coinfected cells differ significantly. An additional artificial aspect of the experiments performed above is that they examined MLV RNAs expressed in human cells. If any host factors affect RNA dimerization, or if transcripts of nonintegrated DNAs differ from those of integrated proviruses, the properties of MLV RNAs harvested from transiently transfected human cells may differ from those of RNAs produced from the natural murine host. To address whether or not these parameters affected MLV RNA dimerization, the dimer capture assay was used to examine virion RNAs from MLV-coinfected murine cells.
Murine NIH 3T3 cells that coexpressed two different MLV RNAs were established two separate times by first transducing them with MLV-GPP, a replication-defective vector that expresses Gag and Pol but contains a puromycin resistance gene in place of env coding sequences (47) . These 3T3 cells expressing MLV-GPP were subsequently infected with replicationcompetent MLV-syn, the infectious virus containing synonymous substitutions in RT described above. Virions were harvested from cells in which both MLV-GPP and MLV-syn had integrated, and virion RNA was purified and analyzed by the dimer capture assay. Predicted elution ratios based on RNA proportions in the input samples were compared to those measured by phosphorimager. In all repetitions of these experiments, RNA homodimers were again observed in large excess (2.9-fold, on average) over values that would be predicted if dimerization were random (Fig. 4, integrated proviruses) .
HIV-1 RNA analyzed by dimer capture. The high rates of recombination reported for HIV-1 suggest it must readily co- Open bars, average expected elution ratio; filled bars, average measured elution ratio; hatched bars, average elution ratios corrected for the assumption that twice as many oligonucleotide-bound homodimers as heterodimers are retained on the beads. Standard errors are indicated. For comparison among experiments, expected elution ratios were set to a value of 1 (1 oligonucleotide-bound RNA/1 unbound RNA), and measured elution ratios were normalized accordingly. Thus, the higher the value on the y axis, the lower the amount of unbound RNA relative to values predicted based on random dimerization, and the higher the experimentally determined bias toward preferential RNA homodimerization. Input RNA ratios for the experiments used to generate these data were as follows: 1:6.5,1:4.9, 1:3. package two different RNAs (44, 48, 50, 52) . Thus, dimerization of the HIV-1-derived vectors, pH⌿ Puro and pH⌿ LacPuro, was also examined using the RNA capture assay (Fig.  6A) . pH⌿ Puro contained approximately 1 kb of MLV polderived sequences which included, near their center, the region complementary to the biotinylated oligonucleotide used in the RNA capture assays. H⌿ LacPuro RNA shared 2.3 kb of HIV-1-derived sequence at its 5Ј end with H⌿ Puro but did not contain the oligonucleotide-complementary sequences. Thus, only RNA dimers that contained at least one H⌿ Puro RNA molecule would be retained on streptavidin beads in the RNA capture assay. 293T-based cells were cotransfected with the ⌿ Ϫ HIV-1 helper, pCMV⌬R8.2, and either of the two HIV-based vectors separately or together, using a molar excess of pH⌿ LacPuro over pH⌿ Puro. A representative RNase protection assay is presented in Fig. 6B . Single vector controls demonstrated that H⌿ LacPuro RNA was present only in the flowthrough and not in the eluted fraction, as intended (Fig. 6B, lanes 6 and 8) . A significant amount of H⌿Puro RNA was retained on the beads via its association with the biotinylated oligonucleotide and was thereby detectable in the final eluted fraction (Fig. 6B,  lane 4 ).
Dimer capture experiments were then used to analyze coexpressed HIV-1-derived viral RNAs (Fig. 6B, lanes 9 to 12) . Dimerization of coexpressed H⌿Puro and H⌿LacPuro was more random than that observed for MLV. In fact, measured elution ratios from four independent experiments averaged only 1.03-fold higher than the expected 1:1 ratios (Fig. 6B, lane  12, and Fig. 4) . These values were remarkably similar to the elution ratios predicted for random RNA dimerization. In controls where single RNA species virions were mixed prior to RNA purification, there was no detectable H⌿ LacPuro RNA in the elution (Fig. 6C, lane 4) . This control demonstrated that the RNA heterodimers detected in virions harvested from HIV-derived vector-coexpressing cells could not be ascribed to postreplication RNA associations that arose during RNA processing steps. Taken together, these results suggest that when two genetically distinct HIV-1-derived vector RNAs are coexpressed, they dimerize at random.
DISCUSSION
In this report, the RNA populations in MLV and HIV-1 particles produced by vector coexpressing cells were compared. MLV RNA dimers were examined both by native agarose gel electrophoresis and using a newly developed RNA capture assay. The results of both experimental approaches were consistent and suggested that coexpressed MLV RNAs displayed a marked preference for self-association, with significantly more homodimers observed among virion RNAs than would be expected if RNA dimerization were random. Similar biases toward homodimerization were observed for MLV ⌿ ϩ RNAs that shared only the first 1 kb of MLV RNA and for two nearly 5 to 8) , or a ratio of plasmids resulting in approximately a 1:10 ratio of encapsidated H⌿ Puro to H⌿ LacPuro RNAs (lanes 9 to 12) was analyzed in the RNA capture assay. Lane 13 is a digested probe control. Inputs (lanes 1, 5, and 9), flowthroughs (lanes 2, 6, and 10), final washes (lanes 3, 7, and 11), and elutions (lanes 4, 8, and 12) are illustrated. Migration of protected fragments representing each RNA is indicated to the right. For this example, the measured H⌿ Puro/H⌿ LacPuro input ratio was 1:7.1. The elution ratio expected from random dimerization was 1.1:1 (H⌿ Puro to H⌿ LacPuro), and the elution ratio measured by phosphorimager was 1.4:1 (H⌿ Puro to H⌿ LacPuro). M, RNA marker; P, undigested riboprobe. (C) Medium from cells transfected with H⌿ Puro or H⌿ Lac Puro was mixed, virus was pelleted, and viral RNA dimers were isolated and analyzed in an RNA capture assay. Input, flowthrough, final wash, and elution are illustrated (lanes 1 to 4, respectively). Migration of protected fragments representing each RNA is indicated on the right. M, RNA marker; P, undigested riboprobe.
Nonrandom dimerization may have significant implications for the frequency of retroviral recombination and suggests that MLV recombination rates have been underestimated. It has previously been suggested that preferential RNA homodimerization might contribute to retroviral "negative interference" (9, 18, 35) . The term negative interference refers to a genetic phenomenon of simple retroviruses in which the minority of all reverse transcription products that are phenotypic recombinants are determined to contain a higher number of genetic crossovers than would be predicted if each recombination event were independent. We speculated that differences in copackaging might be responsible for at least some part of the reported 6-to 20-fold differences in HIV-1 and MLV recombination frequencies and may contribute to negative interference. Our results are largely consistent with this hypothesis; however, the measured decreases in RNA heterodimer populations were not great enough to account for the entire difference in recombination frequencies that have been reported for HIV and MLV. Thus, either MLV virions containing RNA homodimers are more likely to complete reverse transcription of integration-competent DNAs than those with heterodimeric RNAs, or virus species-specific differences, in addition to nonrandom dimerization, likely contribute to differences in HIV and MLV genetic marker segregation rates. Because even minor differences in selective advantage can have a major impact on viral populations (8), these differences between HIV and MLV likely have minimal impact on virus evolution, but they do have important implications for previously noted differences in single replication cycle recombination frequencies (35) .
Although not explicitly tested by the work presented here, these new findings, combined with what is known about retroviral RNA trafficking, suggest the following speculative model for the mechanism of biased RNA dimerization seen for MLV (Fig. 7) . Several lines of evidence suggest that full-length retroviral RNAs adopt different structures than do shorter transcripts (11, (14) (15) (16) 29) . In reconstituted reactions, shorter (Ͻ1.5 kb) in vitro-transcribed 3Ј-truncated RNAs can dimerize, but RNAs derived from MLV's 5Ј end that are longer than about 1.5 kb cannot (N. D. Robson and A. Telesnitsky, unpublished data). Therefore, it seems possible that MLV RNA may be in a conformation more favorable for dimerization before it has been fully transcribed. This model postulates that while RNA polymerase is transcribing MLV proviruses, some of the incomplete transcripts may adopt a fold conducive for initiating dimer-linkage interactions. Because cotranscribed RNAs would be present at a higher local concentration than other RNAs capable of dimerization, immature homodimers of cotranscribed RNAs would form preferentially. The resulting MLV RNAs that commit to dimerization early and those that remain monomeric likely adopt different RNA structures that may bind different sets of RNA nuclear export or adaptor proteins. Thus, depending on which alternate RNA structure-monomeric or dimeric 5Ј leader region-was adopted, individual unspliced MLV RNAs would be trafficked into the different functional cytoplasmic pools of genomes and mRNAs. Recent studies suggest that adaptor and other proteins involved in specifying RNA export fates are loaded cotranscriptionally (49) . Evidence that some retroviral Gag precursors enter the nucleus during late replication phases, and that this somehow affects RNA dimerization, suggests that one factor that affects unspliced RNAs' fates may be Gag (13, 46) . The mechanism by which identical full-length MLV RNAs segregate into nonequilibrating, functionally distinct populations within the cytoplasm of infected cells has long remained unresolved, and we hypothesize that transcriptional commitment to dimerization may be part of the answer. Examples in the literature, which describe how two RNAs with identical sequences can have distinct extranuclear fates depending on their mode of nuclear export, provide precedence for this model (34) .
This model does not clearly account for how the observed, albeit reduced, level of MLV heterodimers might form. Even under conditions where genomic RNA is limiting, MLV RNAs are packaged into virions as dimers (24, 30) . Although these observations support the notion that RNAs have acquired a dimer molecular identity before they are encapsidated, the dimer interactions among Moloney MLV RNAs in assembling virions are much weaker than in mature virus (17) . Thus, to explain the subset of MLV RNA heterodimers observed here and those described previously within RNA-coexpressing cells (38) , we postulate that the weak dimer linkages that dictate (Fig. 7) . Unlike MLV RNAs, the unspliced HIV-1 transcripts which serve genome and mRNA functions appear to reside in a single cytoplasmic pool (7, 12) . The 5Ј ends of these HIV-1 RNAs exist in equilibrium between two primary conformations, the long-distance interaction and the branched multiple hairpin (20) . The first of these two conformers is the more stable thermodynamically, but it is incapable of dimer formation. Coating of the long-distance interaction conformer with nucleocapsid protein in vitro aids in transition to the dimercompetent branched multiple hairpin structure, thereby suggesting a role for the nucleocapsid domain of the Gag polyprotein as a regulatory switch between gene expression and dimerization of unspliced RNAs during HIV replication (20) . This suggests that HIV-1 commitment to dimerization occurs within a single cytoplasmic pool where the Gag polyprotein can serve as an RNA chaperone to induce structural rearrangements that facilitate random dimerization among coexpressed HIV-1 RNAs.
